Small cell lung cancer (SCLC) is a very aggressive disease, characterised by rapid growth, high response rates to both chemotherapy and radiotherapy and subsequent development of treatment resistance in the vast majority of patients. In the past 30 years, little progress has been made in systemic treatments and the established management paradigm of platinumbased chemotherapy has reached an efficacy plateau. Several clinical trials have investigated targeted therapies, without producing clinically significant benefits. Recently presented early phase clinical trials with immune checkpoint inhibitors (blockade of the cytotoxic T-lymphocyte antigen-4 (CTLA-4) and blockade of the programmed cell death-1 (PD-1) receptor) have shown promising results. In this review, we present the emerging evidence on immune checkpoint blockade for SCLC.
INTRODUCTION
Lung cancer represents the most common cause of cancer-related deaths worldwide with more than 1.2 million new cases diagnosed each year and 1.3 million deaths annually. 1 Small cell lung cancer (SCLC) accounts for ∼13-15% of all bronchogenic carcinomas. Smoking is the primary cause of this tumour type and 90% of SCLC arise in current or former smokers. 2 SCLC is an aggressive disease characterised by rapid growth, early metastasis and early sensitivity to chemotherapy and radiotherapy (RT). Unfortunately, at the time of diagnosis, only 30% of patients with SCLC have tumours confined to the hemithorax of origin, the mediastinum or the supraclavicular lymph nodes. On the basis of the anatomical extent of the disease, as proposed originally by the Veterans Administration Lung Study Group, these patients are designated as having limited-stage disease (LS). 3 Patients with tumours that have spread beyond the supraclavicular areas are considered to have extensive-stage disease (ES). This staging system is accepted in clinical practice, but the Tumor Nodes Metastasis (TNM) staging system should also be applied to SCLC. 4 In the TNM system, LS includes stages I-IIIB, whereas ES is applied to patients with distant metastases. Regardless of stage, despite improvements in diagnosis and therapy made during the past 25 years, the current prognosis for patients with SCLC is poor. Without treatment, median survival is about 2-4 months. Patients with LS have a median survival of 18-24 months; about 20% of them can achieve long-term remissions with concurrent chemoradiotherapy, and in this setting, a 5-year survival of 14% has been reported. 5 On the other hand, median survival of patients with ES-SCLC ranges from 8 to 10 months. Surgery has a limited role in the current management of LS-SCLC and it is considered only for stage I patients (<5% of total) with T1-2 N0-1 M0 disease. These patients should then be considered for adjuvant chemotherapy and, in case of unforeseen N2 or N1 or in patients who have not undergone systematic nodal dissection, postoperative RT should be discussed on a case-by-case basis. In patients with completely resectable stage I disease, the largest study evaluating surgical resection with curative intent followed by adjuvant platinum chemotherapy reported an impressive 5-year survival rate of 86%. 6 The gold standard treatment for T1-4 N0-3 M0 tumours and good performance status (PS) is concurrent chemotherapy and thoracic RT. Standard first-line chemotherapy is platinum and etoposide, producing an objective response rate of 70-80%. This is better tolerated than the non-platinum-containing regimen of cyclophosphamide, vincristine plus an anthracycline (doxorubicin or epirubicin as in cyclophosphamide/doxorubicin/vincristine or cyclophosphamide/epirubicin/vincristine). chemoradiotherapy in terms of overall survival (OS) and accelerated hyperfractionation is also preferred over daily radiation dosing. 8 Turrisi et al 5 showed that 45 Gy administered twice daily, in fractions of 1.5 Gy over 3 weeks, conferred a significant survival improvement of 10% at 5 years compared with daily fractions (once daily) of 1.8 Gy over 5 weeks (26% vs 16%, respectively). Guidelines from the European Society for Medical Oncology (ESMO) suggest that patients with LS-SCLC with good PS should be treated with four cycles of platinum-etoposide with concurrent accelerated hyperfractionation RT (1.5 Gy twice daily for 30 fractions for a total dose of 45 Gy) starting with the second cycle of chemotherapy. 9 The CONVERT study, presented at the American Society of Clinical Oncology (ASCO) meeting 2016, compared OS and toxicity of twice daily with once daily RT, using modern conformal RT techniques given concurrently with chemotherapy. The primary end point was 2-year survival and 547 patients were randomised 1:1 to receive 45 Gy in 30 twice daily fractions over 3 weeks or 66 Gy in 33 once daily fractions over 6.5 weeks starting on day 22 of cycle 1 chemotherapy (4-6 cycles of cisplatin 25 mg/m 2 days 1-3 or 75 mg/m 2 day 1 with etoposide 100 mg/m 2 days 1-3), followed by prophylactic cranial irradiation (PCI) if indicated. RT was planned using three-dimensional conformal or intensitymodulated RT. At a median follow-up of 45 months, 2-year OS rate was 56% vs 51% and median OS was 30 vs 25 months (HR 1.17, 95% CI 0.95 to 1.45; p=0.15) for twice daily and once daily treatment, respectively. Toxicities were comparable, except for a significantly higher incidence of grade 3/4 neutropenia (74% twice daily vs 65% once daily, p=0.03). There was no statistical difference, between twice daily and once daily, respectively, in rates of febrile neutropenia (23.4% vs 18%), grade 2 oesophagitis (63% vs 55%), grade 3/4 oesophagitis (19% vs 19%) and grade 3/4 radiation pneumonitis (2.5% vs 2.2%), which was rare. In conclusion, using modern RT techniques, twice daily RT did not result in a superior survival or worse toxicity than once daily RT, supporting the use of both regimens for standard of care treatment of LS-SCLC with good PS. Interestingly, in this study, the survival rates for both regimens were higher than previously reported and radiation toxicities were lower than expected. 10 Regarding stage IV SCLC (ES), the aim of the treatment is palliative and the standard of care is 4-6 cycles of platinum/etoposide chemotherapy. A recent meta-analysis of seven randomised studies showed that irinotecan plus platinum regimens improved OS but not progression-free survival (PFS), compared with platinum and etoposide. Irinotecan led to more gastrointestinal toxicity, while more haematological toxicity was observed with etoposide. 11 It is important to highlight that pharmacogenomic differences between Asian and Western populations may contribute to these differential outcomes and that, until now, no chemotherapy doublet has yet been shown to be superior to intravenous platinum/etoposide in the western population. 12 In patients with poor PS and/or severe comorbidities, carboplatin as a single agent could be considered and produces an objective response rate (ORR) of about 40%. 13 PCI should be considered in all patients with LS-SCLC or patients with ES-SCLC with good PS, who have achieved partial response or stable disease to first-line chemotherapy. A meta-analysis of trials in LS demonstrated a 5.4% improvement in OS at 3 years and a significant decrease (relative risk 0.46; 95% CI 0.38 to 0.57; p<0.001) in the incidence of brain metastases at 3 years. 14 The study by Slotman et al 15 evaluating the role of PCI in patients with ES-SCLC not progressing after first-line platinum-etoposide showed a reduction in the risk of symptomatic brain metastases at 1-year (40.4% vs 14.6%; p<0.001) and also longer OS ( p=0.003) in the PCI group. The CREST study investigated the role of palliative RT to the chest in patients with ES-SCLC who benefited from first-line platinumetoposide. Despite the lack of a significant benefit in OS at 1-year, the primary end point (33% vs 28%; p=0.066), this trial showed significant improvements in terms of OS at 2 years (13% vs 3%, p=0.004) and PFS at 6 months (24% vs 7%; p=0.001) in the group of patients treated with palliative RT. 16 Unfortunately, the vast majority of patients with SCLC will develop disease relapse and, according to the time in which the recurrence occurs, these patients have varying prognosis and treatment options. For patients, progressing during first-line treatment ( platinum-refractory) or within 3 months since completion of first-line ( platinum-resistant) prognosis is very poor and benefit from second-line chemotherapy is uncertain, and consequently, according to their PS, these patients should be assessed for clinical trials or best supportive care. If disease progression occurs later than 3 months since completion of chemotherapy ( platinum-sensitive), these patients can be rechallenged with platinum-etoposide or treated with topotecan or an anthracycline-containing regimen such as vincristine/ doxorubicin/cyclophosphamide or vincristine/epidoxorubicin/cyclophosphamide. [17] [18] [19] Several biological agents have been investigated and, until now, none has shown a significant benefit in OS over standard treatment. The aim of this review is to describe recent advances in the field of immune checkpoint blockade in SCLC.
CANCER AND THE IMMUNE SYSTEM
Cancer is characterised by genetic mutations that can lead to the expression of various tumour-related antigens. These antigens are presented to cytotoxic T-lymphocytes by antigen-presenting cells (APCs) and T-lymphocytes have the potential to recognise cancerrelated antigens as 'non-self' and eradicate these cancer cells. 20 The level of control that the immune system is able to exert against cancer is crucial and, based on the effectiveness of this control, three different conditions can be established. The first condition is that of 'elimination' in which the cancer cells are eliminated by the immune system. The second is the condition of 'equilibrium' in which the immune system, unable to eliminate cancer cells, prevents their growth and spread. Finally, in the third condition 'escape', the tumour cells have been successful in evading immune-related destruction. 21 22 The activation of the immune system is recognised as an important treatment strategy against cancer. However, the mechanisms underlying the functioning of the immune system are complex and, in order to achieve an effective immune response against cancer, a series of steps must be carried out. First, the tumourrelated antigen must be picked up and processed by the APCs (eg, macrophages, B-lymphocytes and dendritic cells). In the so-called priming phase, the APCs travel to the lymph nodes to present the processed antigens bound to major histocompatibility complex (MHC) molecules to the T-lymphocytes. Two signals are required to activate and prime the T-cell for its effector phase (ie, to respond against the cancer-related antigens). The first signal is represented by the binding of the T-cell receptor (TCR) to the MHC-bound antigen. The second signal involves the interaction between costimulatory molecules, such as B7 on activated APCs and CD28 expressed on T-lymphocytes. 23 There are multiple costimulatory and coinhibitory pathways that act in order to regulate this process. Between the most important of these, for its relevance as an immune checkpoint, there is the upregulation of cytotoxic T-lymphocyte antigen-4 (CTLA-4) after T-cell activation that inhibits the T-cell response in order to maintain immune homoeostasis and avoid complications from immune overactivation (figure 1A). Once T-lymphocytes have been activated, they migrate to peripheral tissue to carry out the effector phase of the immune response. The effector T-lymphocyte will recognise the tumour cell through interaction between the TCR and MHC on the tumour cell. After the immune response has been mounted, the tumour is able to express programmed death-ligand 1 (PD-L1) on its surface. The subsequent binding between PD-L1 and programmed cell death-1 (PD-1) (on T-cell) will shut down the immune response and allow the tumour cells to escape death (figure 1B).
Immune checkpoint proteins are coinhibitory factors which reduce the antigen-specific immune response by limiting their magnitude and duration and include CTLA-4, PD-1, B7-H3, B7x, T-cell immunoglobulin and mucin-domain-containing molecule-3 (TIM-3), B-cell and T-cell lymphocyte attenuator (BTLA) lymphocyteactivation gene 3 (LAG3), killer cell immunoglobulinlike receptor (KIR) and V-domain Ig suppressor of T cell activation (VISTA) (figure 2).
In common solid tumours, such as colon, breast, brain or pancreatic cancer, an average of 33-66 genes display subtle somatic mutations that would be expected to alter their protein products. As a consequence, these tumours express neoantigens becoming recognisable by immune cells. Certain tumour types may have a lower or higher mutational load than average. Notably, among these outliers, SCLC has one of the highest mutational loads with ∼200 non-synonymous mutations per tumour. About 95% of these mutations are single-base substitutions and the mutational spectrum is dominated by C→A mutations, consistent with the exposure to the polycyclic aromatic hydrocarbons in tobacco smoke. 24 The high mutational burden in SCLC reflects the involvement of potent mutagens in the pathogenesis of these tumour types (tobacco smoke) and, accordingly, other types of lung cancers arising in smokers also have 10 times as many somatic mutations as those from non-smokers. 25 Whole-exome sequencing (WES) has enabled the comprehensive characterisation of somatic mutations in tumour samples and an ongoing effort is to employ a mutational landscape to identify patients who will be more likely to benefit from immune checkpoint blockade. 26 For example, data from 64 patients with melanoma treated with CTLA-4 blockade indicate that a high mutational burden correlated with a sustained clinical benefit. 27 WES was also used to unveil the genomic determinants of response to pembrolizumab in nonsmall cell lung cancer (NSCLC). A higher somatic nonsynonymous mutation burden has been found to be associated with improved ORR, durable clinical benefit (DCB) ( partial or stable response lasting >6 months) and PFS. The sensitivity and specificity using a nonsynonymous mutation burden larger than 178 for DCB are 100% and 77% in the discovery cohort and 86% and 75% in the validation cohort, respectively. These results suggest that the mutational landscape shapes the response to anti-PD-1 therapy also in NSCLC. A possible explanation for the association between mutational burden and efficacy of checkpoint blockade is that tumour antigens, as a consequence of somatic mutations, may function as the target of T-cells activated by checkpoint blockade immunotherapy. 28 On the basis of these data, SCLC may be an optimal target for immune checkpoint blockade and monoclonal antibodies that inhibit CTLA-4, PD-1 and PD-L1 are currently being investigated as treatment options for this disease.
ANTI-CTLA-4 BLOCKADE
CTLA-4 has been the first immune checkpoint receptor to be targeted by a therapeutic agent. Ipilimumab (a fully human monoclonal IgG1) blocks the interaction between CTLA-4 and its ligands CD80 and CD86. Ipilimumab was studied in combination with carboplatin and paclitaxel as first-line treatment for extensive stage (ES) SCLC in a randomised phase II clinical trial. 29 One hundred and thirty patients, with untreated ES-SCLC, were randomised to receive either carboplatin/paclitaxel/placebo or phased or concurrent carboplatin/paclitaxel/ipilimumab. Phased ipilimumab was associated with an improved immune-related PFS compared with chemotherapy/placebo (HR 0.64; p=0.03). There were no differences in PFS but there was a trend towards improved OS in the patients treated with phased ipilimumab (HR 0.75; p=0.13) . A randomised doubleblind phase 3 trial comparing the efficacy of ipilimumab plus etoposide/platinum versus etoposide/platinum in patients with newly diagnosed ES-SCLC (NCT01450761) has completed accrual and results are awaited. Ipilimumab is currently being investigated in the STIMULI study as a consolidation treatment, in combination with nivolumab, after concurrent chemotherapy for patients with LS-SCLC (NCT02046733).
PD1 AND PD-L1 BLOCKADE
A phase I/II open-label study (CheckMate 032) of nivolumab with or without ipilimumab for treatment of recurrent SCLC was recently presented. 30 In this study, 128 patients with progressive disease after at least one platinum-based chemotherapy were enrolled regardless of PD-L1 status and allocated to four different cohorts where induction treatment was given for four cycles, followed by maintenance nivolumab (3 mg/kg intravenously once every 2 weeks) until PD. In the first arm, patients received nivolumab 3 mg/kg intravenously once every 2 weeks as monotherapy. In the second and third arms, patients received nivolumab 1 mg/kg in combination with either 1 mg/kg or 3 mg/kg of ipilimumab Q3W for four cycles. The fourth arm included nivolumab 3 mg/kg plus ipilimumab 1 mg/kg Q3W. More than 40% of the patients had received ≥2 previous lines of treatment and about one-third of patients had platinum refractory/resistant disease. The ORR was 18% for nivolumab and 32.6% for nivolumab+ipilimumab, with a median time to response of 1.6 and 2.1 months for nivolumab and nivolumab+ipilimumab, respectively. Median duration of response was not reached in the nivolumab arm and was 6.9 months in the nivolumab+ipilimumab arm. OS was 4.4 vs 8.2 months in the nivolumab arm and the nivolumab+ipilimumab arm, respectively. Analysis of survival data highlights that ∼20% of patients show durable response to therapy. The adverse event (AE) profile of nivolumab monotherapy and nivolumab +ipilimumab combination therapy was consistent with what was previously reported. The most common any grade drug-related AEs in the nivolumab monotherapy arm were fatigue (18%), diarrhoea (13%), nausea (10%) and reduced appetite (10%). With nivolumab +ipilimumab, the most common any grade drug-related AEs were fatigue (29%), diarrhoea (17%), pruritus (14%), rash, nausea and endocrine disorders (11% each). The rate of grade 3-4 AEs was 15% vs 34% for nivolumab and nivolumab plus ipilimumab, respectively. Drug-related pneumonitis occurred in two patients (1 in the monotherapy arm and 1 with the combination). There was one treatment-related death (myasthenia gravis) in the combination arm receiving the higher dose of ipilimumab. There was no correlation between PD-L1 expression (1% cut-off ) and ORR. Nivolumab is currently being investigated as a second-line treatment versus topotecan or amrubicin (NCT02481830) or as a maintenance treatment after standard platinum/etoposide (NCT02538666).
KEYNOTE-028 is an ongoing phase Ib multicohort study evaluating pembrolizumab in PD-L1-positive patients with ES-SCLC with failure or inability to receive standard therapy. 31 Twenty-four patients with PS 0-1 and PD-L1-positive tumour (membranous PD-L1 expression in ≥1% of tumour and associated inflammatory cells or positive staining in stroma using the 22C3 antibody clone) received pembrolizumab at the dose of 10 mg/kg intravenously once every 2 weeks for up to 2 years, until progression or unacceptable toxicity. Primary end points were overall response rate (ORR) and safety and tolerability. PD-L1 expression analysis was performed in 157 patients; 147 samples were evaluable and 42 (28.6%) were found to have PD-L1-positive tumours. Of these, only 20 patients were treated in the study, with a median follow-up of 21 weeks (range 2-48). ORR was 35% with median time to response of 8.6 weeks. Six of the seven patients had ongoing response at data cut-off. The safety profile was consistent with previous experience of pembrolizumab in other tumour types. The most common treatment-related AEs were arthralgia 15%, asthenia 15%, nausea 10% and rash 10%. There was one case of grade 2 autoimmune thyroiditis resulting in treatment interruption. Two patients had grade ≥3 AEs including one treatment-related death from colitis. There were no reported cases of drug-related pneumonitis. The authors looked at the potential relationship between level of PD-L1 expression and frequency of response and there was no significant difference found ( p=0.235). A phase II trial by European Organization for research and Treatment of Cancer will evaluate platinum/etoposide ±pembrolizumab (NCT02580994) in patients with ES-SCLC. Another phase II trial is currently ongoing and investigates maintenance pembrolizumab after four cycles of induction platinum/etoposide (NCT02359019). Other immune checkpoint inhibitors that are being studied for the treatment of SCLC include durvalumab (MEDI4736), a PD-L1 antibody and tremelimumab, a CTLA-4 antibody. These agents are being investigated in an open-label nonrandomised phase I safety study of patients with advanced solid malignancies including SCLC. The trial is currently open to recruitment (NCT02537418). Ongoing trials with immune checkpoint inhibitors in SCLC are summarised in table 1.
CONCLUSION SCLC is a very aggressive form of lung cancer and there is a desperate need for new agents that are able to impact on patients' outcome. SCLC is a genetically complex disease encompassing a wide variety of genetic alterations. The recent advances in molecular technology with Next Generation Sequencing (NGS) have allowed scientists to better understand the biology of this disease with a view to find and address targetable mutations. The most frequently mutated genes in SCLC are TP53 and RB1, which, as tumour suppressor genes, are difficult to target. 32 In addition, deletions in chromosome 3p, which contains several tumour suppressor genes, often occur and gene copy number gains have also been described in JAK2, FGFR1 and MYC genes. 33 A prospective molecular evaluation on biopsies from patients with ES-SCLC has been performed using a comprehensive mutation analysis program at Memorial Sloan Kettering Cancer Center. 34 In this study, recurrent mutations in RB1 (N=7), TP53 (N=8), amplifications of FGFR1 (N=2) and MET (N=1) were observed. Subsequent testing with NGS technology of 25 patient samples showed: RB1 mutations/deletions (N=18/4), TP53 mutations (N=24), MLL3 (N=9) and EPHA 5 mutations (N=9), and amplifications of CDKN2C (N=5), MYCL1 (N=3), SOX2 (N=2) and FGFR1 (N=1), indicating a high-molecular diversity of SCLC.
Although major improvements in understanding biology of SCLC have been made, the underlying mechanism by wich SCLC rapidly progresses remain to be defined. The identification of these mechanisms could promote the development of novel therapeutic agents and improve the management of this challenging disease. In order to further understand these mechanisms, rebiopsying at progression is very important but at the same time very difficult to be obtained. Detection of circulating tumour DNA in the plasma of patients with cancer, the so-called 'liquid biopsy', represents an interesting field of investigation also in SCLC, where the serial monitoring of circulating tumour DNA revealed altered prevalence of mutations in patients with emerging resistance to targeted therapies.
In this contest, the use of circulating tumour cells Immune checkpoint inhibitors have, until now, made the greatest advances in clinical research for SCLC. Preliminary data for pembrolizumab, nivolumab and ipilimumab show promising antitumour activity, with durable responses and manageable AE profiles. The role of PD-L1 as a potential biomarker for patient selection still remains unclear and further research is necessary to ascertain the long-term safety and efficacy of immune checkpoint blockade. 
